Introduction
Sprites and elves are newly discovered optical phenomena in the mesosphere over large thunderstorms [Franz et al., 1990; Lyons, 1994 [Boccippio et al., 1995; Lyons, 1996b ], but very large peak currents (>90 kA) are often linked with elves rather than sprites. The "slow-tail" ELF signature has been linked with sprites [Reising et al., 1996] and is often incorrectly interpreted as a unique manifestation of a continuing current [Wait, 1960] , which is common without an accompanying sprite. One assumption made early on was that a large-amplitude NLDN event (in terms of peak current) is more likely to create a sprite or an elve and that sprite size should increase with higher peak current. Results here show that amplitude is not a good indicator of sprite occurrence. The present study shows that total charge transfer is a better indicator and that little correlation exists between the NLDN peak current and the total charge transfer for positive ground flashes. Clearly, new methods are needed to quantitatively predict lightning-induced optical phenomena in the mesosphere.
As it turns out, Wilson [1916 Wilson [ , 1925 Wilson [ , 1956 ] speculated more than 70 years ago about discharges in the upper atmosphere and suggested simple electrostatic criteria for their appearance. More recently, elaborate theoretical models have been developed for sprites and elves on the basis of a tropospheric lightning source Bell et al., 1995; Inan et al., 1996b] . In this paper we return to the simpler ideas of Wilson to evaluate lightning source charac- 
Theoretical Considerations

Dielectric Breakdown in the Upper Atmosphere
In the early part of this century, C.T.R. Wilson laid down the fundamental ideas on the thunderstorm-induced electrical perturbation of the upper atmosphere. In 1916, Wilson had considered the possible influence of the conductive upper atmosphere on his electrostatic measurement of the charge structure of thunderclouds. His conclusion,"It is unlikely that the requisite high conductivity could under normal conditions extend sufficiently low in the atmosphere to be an important factor in the problem," was followed by speculation about the electric field of lightning causing ionization of the mesosphere [Wilson, 1916, p . 573]: falls off still more rapidly. Thus if the electric moment of a cloud is not too small, there will be a height above which the electric force due to the cloud exceeds the sparking limit.
In the same paper, Wilson Wilson [1925, p . 33D] went on to discuss conditions at 60 km altitude, which is the typical initiation height for sprites found in recent observations [Fukunishi et al., 1996 While the electric force due to a thundercloud falls off rapidly as r increases, the electric force required to cause sparking (which for a given composition of the air is proportional to density) of the logarithm of the electric field versus altitude includes the decline of electric field with altitude associated with a vertical dipole moment (M -Q dS) at the Earth's surface:
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Electric field variations associated with moments range in value from small intracloud discharges (-,• 10 C-km) and ordinary negative ground flashes (-,• 100 C-km [Krider, 1989] ), to values documented later in Section 4.2 for positive ground flashes which cause sprites (• 1000 C-km). Also shown in Figure 2 is the behavior of dielectric strength versus altitude. Since the dielectric strength of any gas is fundamentally proportional to density (rather than pressure) and since density declines approximately exponentially with altitude (with a scale height close to 7 km [Whipple, 1954] ), the variation of dielectric strength is nearly a straight line in strength. The precise location of breakdown is not predicted, but the altitude range over which breakdown could initiate is bounded by the respective breakdown lines. Uncertainty in the altitude of sprite initiation causes uncertainty in the moment change required for breakdown.
Relaxation Time in the Mesosphere
The predictions of Figure 2 are strictly valid if the upper atmosphere is non-conductive, as Wilson [ 1916] himself noted. In response to the field increase of a lightning ground flash, the conductive upper atmosphere nullifies the imposed electric field. The local response time is the electrostatic relaxation time (e/a) whose altitude dependence was considered by Hale [ 1984] and by Roussel-Duprd and Gurevich [1996] . This dependence is plotted in Figure 3 for both daytime and nighttime ionospheric conditions at midlatitude [Hale, 1984] . If the moment change occurs in a time short in comparison with the local relaxation time, the predictions in Figure 2 should be accurate. The timescale for charge transfer is therefore of major importance in the ELF observations to be discussed.
Excitation of the Earth-Ionosphere Cavity
On the basis of the simultaneous sprite and electromagnetic observations of Boccippio et al. [ 1995] , the assumption is that the positive ground flash associated with the sprites and elves also excites ELF radiation in the Earth-ionosphere cavity. 
respectively. These fields are produced by a cloud-to-ground (CG) lightning stroke in an idealized, spherically symmetric Earth-ionosphere cavity. In (3) and (4), P•ø(z) and P• (z)
are Legendre functions with complex subscripts, I(f) dS is the vertical current moment of the lightning ground flash, and v is the complex eigenvalue which describes the propagation and dissipation characteristics of the atmosphere as a function of frequency. The variables a and h are the radius of the Earth (6.37 Mm) and the height of the ionosphere (80 kin), respectively, 0 is the great circle distance between the lightning and receiver, eo is the permittivity, and i is the square root of -1. The complex eigenvalue v can be calculated by the following equations: This creates a few complications. Division by the theoretical spectrum is division by the system response in amplitude and phase. The system response has band edges at 3 and 120 Hz and a deep notch at 60 Hz. Inverting this would effectively divide by zero in several places, producing incorrect values for these frequencies, which were effectively lost when they were filtered out. Thus, instead of dividing by the theoretical spectrum, the recorded spectrum is multiplied by a modified version of the theoretical spectrum so that the resulting I(f)dS is still zero in the frequency ranges where there is no information. These modified spectra can be interpreted as the inverse of the theoretical spectrum with the frequencies outside of the band edges and near the 60 Hz notch zeroed out. The effect of the constant background Schumann resonances, which effectively lower the signalto-noise ratio of the recorded spectra, is ignored. Although in principle the charge moment is extractable from either the electric or magnetic field (following equations (3) and (4)), in practice the magnetic field has been used because of its more accurate calibration.
2.6.1. Direct integration of the current moment. Given the frequency spectrum of the current, the vertical charge moment involved in the ground flash can be calculated by several methods. The most straightforward method is to assume a charge height dS (horizontal charge transfers do not excite a uniform Earth-ionosphere cavity) and then integrate the time series of the current to estimate the charge transferred.
Note that in the normal mode equations the current I(t) is not provided but rather the current moment, I(t) dS. The It is important to note that this method is accurate only if all frequencies of the current moment spectrum are available. Since the timescale of lightning processes can be microseconds, a very wide bandwidth is needed to avoid loss of information about the waveform. Because the actual bandwidth of our system extends only to ,.
• 120 Hz, all the information is lost about the actual current waveform at higher frequencies, which distorts the derived time waveform and affects the integration. For this reason, efforts to calculate the charge transfer without needing the extended bandwidth information (i.e., by working in the frequency domain) have also been pursued. For an exponential current waveform with a finite time constant, this method will also systematically underestimate the amount of charge transferred. This can be shown by using a well-known property of the Fourier transform,
which states that the integral of the time domain waveform is the value of the frequency spectrum at f = 0. Since the Fourier transform of an exponential has its maximum magnitude at f = 0 (from equation (11)), the value at any other frequency will be lower and will produce a lower value for the charge moment. So the only usable frequency that will not underestimate the amount of charge transferred is the DC value (f = 0), which is outside of the system band pass. An important feature of the impulsive estimation for the charge transfer is its independence of the system bandwidth, unlike the time-domain integration. The impulsive estimation is also not dependent on the assumption that the timedomain waveform for the current is exponential. Any waveform characterized by a time scaling parameter and which will cause the function to converge to a delta function in the limit of very small timescales is a permissible representation. The measurement is insensitive to waveform shape in 
where we define 
To find the parameters of the current moment time waveform, the inverse of the squared magnitude of the frequency spectrum is graphed against the squared frequency. The parameters of a linear least squares line are then calculated, and (19) and (20) To provide accurate time stamps for the electromagnetic data, a Global Positioning System (GPS) antenna is used. These time stamps provide absolute millisecond time resolution of events, which allows comparisons with other recording stations and data sets, most notably from the National Lightning Detection Network. The current method used to clock events is a major improvement over that available in the earlier study [Boccippio et al., 1995 The CCD data have been analyzed to determine the relative brightness and brightness variability of the sprites observed during this campaign. The high stability and dynamic range of the detector provide an excellent capability for this study, which indicates a very large range of brightnesses.
To enable a quantitative comparison of sprites observed at various look directions and in different regions of the image plane, the data were first "flat fielded" to remove lens vignetting and line of sight effects. This is a well-established technique that is regularly used in airglow studies [e.g., Garcia et al., 1997] and that was achieved by summing together several (typically 10) images centered on the data image to obtain an average image, which was then used to normalize the sprite data. Measurements of the peak brightness associated with each sprite were then made by investigating the pixel levels within the sprite structure. To eliminate the contributions of stars occurring within the sprite, several adjacent pixel values were summed together to deterirtine an average peak value. Finally, to take account of the differing sky backgrounds from night to night and as a function of elevation and time, an area of sky adjacent to the sprite (but free from stars and other optical emissions) was sampled and and 6g ) and the current moment itself (Figures 5h and 6h) confirm this distinction. The spectrum for the elve event is only slightly "pink" whereas the spectrum for the sprite is decidedly red. The extracted waveforms for current moment, substantially impacted by the limited 120 Hz bandwidth of the ELF measurements, are nonetheless substantially different, with strong evidence in the sprite case for the extended tail lasting for tens of milliseconds, the long continuing current. the Q dS = 300 C-km threshold (which we hypothesize is the cutoff for sprite formation) than the negative distribution does. We do see some of the impulsive negative events above the 300 C-km level, which means, in theory, that there could have been sprites associated with them or that they all occurred within a certain time (an unusual storm, for instance). However, upon closer examination of these large charge moment negatives, we see no real distinguishable pattern to their time or location.
Moment Changes and Time Constants for Charge
For all of the sprite and elve events for the July 24, 1996, data set, the frequency spectrum of an exponential time waveform was fitted to the frequency spectrum for each event, and the proper parameters were extracted. The histograms of the derived time constants and charge moments are shown in Figures 9a and 9c and Figures 9b and 9d , respectively. The average time constant is 5.4 ms for the sprite events, and 3.6 ms for the elve events.
As a check on the validity and consistency of our different methods for determining the charge moment, we plot our methods against each other to reveal systematic variations. with sprites, consistent with the idea that elves are caused by the radiation (EMP) field rather than the electrostatic field of the lightning. It has also been shown that the charge moment is the relevant quantity in assessing mesospheric breakdown in the Wilson diagram (Figure 2) . Furthermore, comparisons in Figure 12 support the importance of charge moment in determining sprite brightness. The value of the NLDN peak current as a diagnostic for sprites is tested in Figure 14 , where values for ELFmeasured charge moment and NLDN peak current are plotted for numerous positive CGs in the July 24, 1996, storm.
Little correlation is observed. This lack of correlation is attributed to the understanding that peak return stroke currents are related primarily to the charge deposited on the leader channel and to the observation that the majority of charge transfer in most positive ground flashes is transferred by the continuing current rather than by the return stroke. Since NLDN peak current can be a misleading indicator for sprite production, charge moments determined by wideband ELF measurements are preferable diagnostics.
ELF Characteristics of Transients Associated With
Sprites and Elves
Positive ground flashes that produce sprites and elves have been identified as strong exciters of the Earth-ionosphere waveguide. Distinct differences in the lightning source characteristics appear to reflect the differences in optical characteristics noted in other studies [Fukunishi et al., 1996; Lyons, 1996b; Watanabe, 1999] .
The elve lightning is of short duration in comparison to that associated with sprites. This conclusion is supported by the time constant analysis (Figures 9a and 9c) and the tendency for current spectra to be largely independent of frequency (e.g., Figure 5g ). The recording bandwidth of 120 Hz is not adequate to resolve the initial high-frequency components of these events, including the return stroke and the fast recovery therefrom. The NLDN bandwidth (5-500 kHz) is better suited here, and these observations (Figure 13) clearly show that peak currents in the elve lightning events often exceed those associated with sprites. Despite these larger peak currents, the total charge transfers (assuming the height of the positive charge reservoir in the parent storm is the same for elve and sprite lightning) for elve events are less, on average, than those for sprite events, as shown by the comparison of Figures 7a and 7b .
One unresolved issue with these observations is why some moment changes for elves are larger than the minimum value (Q dS • 300 C-km) for sprites. Why then did no sprite appear for these larger moment changes ?
The larger lightning charge moments (and likely greater charge transfers) associated with sprite events in Figure 7a are attributable to the longer durations of the parent lightning currents. The time constants for the assumed exponential currents (Figure 9a) are longer, and the duration of the inferred currents is often several tens to a few hundred milliseconds (e.g., Figure 6h ). The single time constant exponential form for these currents (equation (10) As noted by Sentman [1996] , when the duration of the lightning current is small in comparison to the Schumann resonance timescales (i.e., to the time required for light to travel round the Earth-ionosphere cavity, 125-140 ms), then the ELF current spectrum is white (i.e., independent of frequency). Ordinary return strokes with durations of hundreds of microseconds satisfy this condition best, but generally the charge moments are small on account of the short durations. These events do not stand out sufficiently against all the other lightning to be treated by the methods described Figures 5f and 5f ) should also be noted in this context: the power spectral density is actually increasing with frequency and so these events cannot be characterized as "quiet." ELF transients with negative polarity are most likely to exhibit the latter behavior. The most prevalent ground flashes are of negative polarity with typical charge moment changes of order 100 C-km. Ordinary air breakdown at Q dS -95 km is still precluded by the conductive D region of the ionosphere. Runaway breakdown is, however, a marginal possibility. According to the nighttime curve in Figure 3 , the relaxation time at 75 km where the 100 C-km curve intersects the runaway breakdown line is a few milliseconds, which is longer than the usual times for charge transfer in the return stroke.
C.T.R. Wilson Diagram and Mesospheric
Positive ground flashes that appear to be causal to elves and documented in Figure 7 have measured moment changes which are 5-10 times greater than those for ordinary negative ground flashes. Although an electromagnetic (i.e., EMP) mechanism is widely preferred over an electrostatic mechanism for the origin of elves [Krider, 1994; Inan et al., 1996b] , it is of interest to examine the magnitude of the electrostatic stress in the altitude range exhibited by elves. In Table 1 ) are milliseconds or more. The e-folding times for the luminosity of elve-associated positive ground flashes observed from space [Mitchell, 1997] are also in the millisecond range. These observations taken together make it unlikely that conventional air breakdown is the mechanism for elves. Runaway breakdown is theoretically allowed for moment changes typical for elves but not at altitudes where elves are observed.
The largest moment changes we have observed are associated with the positive ground flashes that simultaneously produce sprites and Q bursts (i.e., red current spectra) in the Earth-ionosphere cavity. The moment changes for sprite events in Figure 7 are 5-50 times larger than those for ordinary negative ground flashes. For a moment change of Q dS = 1000 C-km, deposited in a time of 5 ms typical of the observed time constants (Table 1) The conclusion drawn here concerning the inadequacy of conventional dielectric breakdown as a general explanation for sprites is contrary to Wilson's [ 1925] initial speculation but identical to the conclusion drawn recently by Marshall et al. [ 1995] for the initiation of lightning in thunderclouds. In the few cases for which the charge moment is sufficiently large for conventional air breakdown, one wonders why runaway breakdown would not occur first. Finally, we note in Figure 15 that as the charge moment increases to Q dS -10,000 C-km, a value some four orders of magnitude larger than the smallest values considered for intracloud lightning flashes, the dielectric strength of the troposphere clearly begins to limit the maximum value. [Lyons, 1996b] ), the NLDN return stroke currents tend to be smaller (though still large in comparison with the majority of ground flashes of either polarity), and the ELF spectra are red and therefore in greater conformity with classical Q bursts. These documented differences warrant some speculation about the differences in morphology and current history for the positive ground flashes, which have not yet been documented for specific sprite and elve events (for most sprite and elve sightings from Yucca Ridge, the storms are too distant to allow direct observations of the subcloud lightning).
Differences in the Morphology of Positive Ground Flashes Producing Sprites and Elves
Distinct differences in ELF radiation
On the face of it, these differences would suggest highly charged leader channels for elve lightning, without extensive branching aloft, in light of the short-duration continuing currents (e.g., Figure 5h ). For sprite lightning an extensive dendritic structure is required to account for the long continuing current [Heckrnan and Williams, 1989 ], though the charge on the leader channel would appear to be less, on average, than that for elves. The inference for an extensive discharge structure aloft is consistent with the broad diffuse light emanating from the MCS beneath the red sprite ("Big Red") documented from an aircraft by the University of Alaska [Osborne, 1994] .
One possible electrostatic explanation for these differences is illustrated in Figure 16 . In MCSs producing elves and sprites the charge regions appear to be more sheet-like than point-like [Krehbiel, 1981; Stolzenburg et al., 1994;  IIIIII/!11111 The mean return stroke current associated with the elves is roughly twice that for the sprites on the basis of the results in Figure 13 . In contrast, the return stroke extension may pervade the lower layer (Figure 16b ) more easily to produce long continuing current than it does in the upper sheet, owing to the larger potential drop in the longer vertical channel in the latter case. The discharge structure in Figure 16b is akin to the forms observed in laboratory experiments in which the space charge was also sheet-like [Williams et al., 1985] . Elve events are notably less common than sprite events. This is illustrated in the histograms in Figure 13 and by the event counts for the July 24, 1996, storm reported earlier in section 3.3. These event observations would suggest that positive ground flashes from a lower charge reservoir are more common lightning events [Williams, 1998 ]. 
The Issue of Sprite
Interpretation of Source Charge Moment and the
Role of Sprites in ELF Radiation
In interpreting the Schumann resonance signals emanating from sprite and elve events, we have adhered to the assumption that the charge moment Q dS in the normal mode equations (equations (3) and (4) ]. Given present knowledge of the electrical structure of the strafiform region of mesoscale convective systems [Krehbiel, 1981; Marshall et al., 1996 ], a charge transfer of 100 C is quite reasonable. If dS were identified instead with the sprite altitude and were consequently increased by an order of magnitude, then Q would be proportionally reduced to 10 C. Such a small charge transfer (of the order of the value in a negative ground flash in an ordinary thundercloud) to account for the ELF observations is inconsistent with available information on the charge in MCSs [Krehbiel, 1981; Marshall et al., 1996] and is implausible.
In evaluating the ELF radiation from the sprite body itself, consideration is given again to a simple electrostatics calculation. Following the indirect evidence from the Wilson diagram for sprite ionization by a runaway breakdown process on a timescale short in comparison with the local relaxation time, the sprite is modeled as a conductive sphere of radius a at height z above the conductive Earth. The electric field E, which causes the ionization, and the spherical conductivity perturbation are given by (1) for a point dipole. If the dipole field is assumed uniform in the vicinity of the sprite, the induced dipole moment pt is analytically described by Stratton 
According to electromagnetic theory from which the normal mode equations were derived [Wait, 1996] , the ELF radiation amplitude is proportional to the charge moment p of the lightning source (equation (1)), [see also Sentman, 1996] . The ratio of the radiation amplitude from the sprite to that Given the evidence here for a dominance of ELF radiation from the parent ground flash, experimental efforts to quantify the charge transfer within the sprite itself with ELF methods will be thwarted by the near simultaneous lightning "noise" which is the main "signal" in this paper.
The Issue of Sprite Brightness and Its Dependence on the Lightning Charge Moment
The purpose of the sprite brightness measurements and their comparison with the ELF observations was twofold:
(1) to ascertain that the full dynamic range of sprite brightness, obtained with state-of-the-art optical equipment, was examined with Schumann resonance methods and (2) to test certain theoretical predictions Bell et al., 1995] for the dependence of sprite optical intensity on the charge transfer by the parent lightning. The first goal was achieved at the high end of the sprite brightness scale, but at the low end no events with "very faint" characterization (•2000 counts) were processable for charge moment with the ELF methods available. The pursuit of the second goal led to examination of theoretical predictions for the dependence of sprite optical intensity on charge transfer in the parent lightning. The predictions for both a quasi-electrostatic heating mechanism and an electron runaway mechanism were examined. In the former study, a doubling of lightning charge moment causes more than a hundredfold increase in optical intensity. In the latter study, the dependence is still stronger: a six decade increase in optical intensity for a 50% increase in charge moment. These dependences are inconsistent with the observations in Figure 12 which suggest an approximate linear relationship between charge moment and sprite brightness. The reasons for this discrepancy are not well understood at present.
The Issue of Polarity Asymmetry for the Parent Lightning
The predictions for electrical breakdown of the upper atmosphere outlined by Wilson [ 1925] Numerous results support the idea that the peak currents, durations, and total charge transfers associated with positive ground flashes exceed those from negative flashes. Meteorological differences are very likely responsible to a considerable extent. Negative lightning accompanies ordinary thunderstorms with dominant lower negative charge. Positive lightning is more prevalent in the stratiform precipitation regions of mesoscale convective systems with dominant lower positive charge which is more laterally extensive [Marshall et al., 1996; Williams, 1998 ]. Charge reservoirs in different meteorological regimes have been reviewed by Williams [1995, 1998 ]. Despite the 10 to 1 prevalence of negative ground flashes over positive ground flashes documented by numerous lightning detection networks over the last decade, the positive polarity is more prevalent in global maps based on Schumann resonance methods (see Jones, 1995, 1996] , [Yamamoto and Ogawa, 1996] , and this study). When negative flashes with extraordinarily large (>75 kA) peak current (according to the NLDN) were examined in our Rhode Island ELF data archive, only a small fraction exceeded our recording threshold. We interpret this result to mean that despite the large peak current, the durations for negative flashes tend to be small, and hence the total moment change is insufficient to produce strong ELF radiation. This is not to say, however, that there are no negative ground flashes with sufficient charge moments to trigger breakdown thresholds in Figure 15 Lyons et al., 1998 ]. This result indicates that meteorological conditions are not exclusively responsible for the positive bias in the results, and it suggests that discharge physics is playing a role.
The measured moment changes for the sprite events have already indicated that runaway breakdown is a candidate physical mechanism for sprites. This runaway process is necessarily vertical and takes place in a medium with a vertical density gradient. The predicted electron avalanche length for this process [Symbalisty et al., 1998 ] is roughly equal to the density scale height (•7 km) at •50 km and is progressively larger than the density scale height at greater altitudes. At a height of 70 km, for example, the predicted avalanche length is 50 km. If the avalanche length were small in comparison to the scale height, we would not expect polarity asymmetry. Indeed, for conventional dielectric breakdown of air, the relevant scale is the electron mean free path which is 10 tim at sea level, 20 mm at 50 km, and 30 cm at 70 km, all substantially smaller than the density scale height. The need for electrons to runaway upward into the lower density upper atmosphere may therefore constitute the fundamental requirement for ground flashes of positive polarity. In analyzing events we rely on single-station measurements to locate events. The availability of NLDN identification of positive ground flashes for North America has enabled comparisons with the single-station ELF locations. These comparisons have shown that we systematically overestimate the distance between the source and the receiver by • 100 km, and our results exhibit a bearing error that varies sinusoidally with direction. This bearing error is accounted for in the analyses [Huang, 1998 ]. The range error is less well understood (it may be caused by errors in the wave impedance theory) and remains uncorrected.
The accuracy of the inferred charge moments is the major issue here. Perhaps the most convincing accuracy test (while presently unavailable) would be a simultaneous measurement and comparison of charge moment by the conventional electrostatic method [Jacobson and Krider, 1976; Krehbiel et al., 1979] and the electromagnetic method discussed here. Owing to the extended nature of the charge reservoir in sprite-producing MCSs [Boccippio et al., 1995; Lyons, 1996b; Williams, 1998 ], the implementation of the conventional electrostatic method meets with some difficulty. If the field change measurements are too close to the MCS, the point source assumption is invalid, and if the measurements are too far (i.e., comparable to one ionospheric height), the conventional electrostatic formulae are invalid [Pumplin, 1969 ].
An alternative approach toward gauging the accuracy of the moment change estimates is to consider the uniform cavity interpretation of ELF fields from simulated point sources in a theoretical model for the cavity that includes recognized asymmetry. Such an approach (V. Mushtak, personal communication, 1998) suggests that the inferred moment changes may be in error by some tens of percent. Errors of this magnitude do not invalidate the main conclusion that 
The Issue of System Bandwidth and Exponential
Time Constants
The time constants r that we measure using the exponential fit method described in section 2.6.3 result in average values of ,-,,5 ms for sprites, which compares favorably with the electrostatic relaxation time in Figure 3 for an altitude of 60 km. As Table 2 
